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Introduction
Efficient photochemical water splitting is still a scientific challenge. 1, 2 The overall process consists of an oxidative and a reductive half reaction with the water oxidation step involving a four electron transfer and highly reactive oxygen intermediates being considered as particular difficult. 3 Heterogeneous and homogeneous photocatalysts have been developed. A typical homogeneous catalyst for photooxidation of water consists of two subunits: A light absorbing photoredox active dye or sensitizer and the water oxidizing catalyst. The two subunits can be covalently connected ( Fig. 1, 1 , top), which ensures an efficient electron transfer, but requires the synthesis of complex ligands and linkers. [4] [5] [6] [7] [8] If dye and oxidation catalyst are prepared as separate entities (Fig. 1, 4 and 5, bottom) different combinations can be easily realized, but the electron transfer between the subunits in homogeneous solution is diffusion controlled and depends on the concentration. 9 In biological photosynthesis, chromophores and catalytic units are bound to membranes. Compared to homogeneous solution this two dimensional assembly increases the local concentration of the redox partners and shortens the average distance for electron transfer between them. 10 Clustering of membrane embedded compounds and phase separation may increase this effect further. Compared to covalently connected sensitizer -catalyst pairs, 11 the assembly in fluid membranes remains dynamic allowing continuous self-assembly and reorganization of the catalytic subunits, which may be advantageous for the catalytic performance. Following this biological model we have prepared phospholipid membranes with co-embedded amphiphilic photosensitzers and water oxidation catalysts. Such functionalized vesicles place the catalytic subunits in close proximity even at very low overall concentrations while still allowing the easy variation of sensitizer -catalyst combinations, ratios and concentrations.
Results and discussion
For anchoring into a self-assembled membrane the photosensitizer and the water oxidation catalyst should be amphiphilic and bear a hydrophobic alkyl chain. Derivative 2a of the widely used photosensitizer ruthenium tris-bipyridine (4) is suitable for membrane embedding and was prepared according to reported procedures. [13] [14] [15] [16] [17] Three amphiphilic water oxidation catalysts 3, 6b and 7 ( Fig. 2) were derived from literature known catalysts [18] [19] [20] that have shown good performance in chemical and photochemical water oxidation in homogeneous solution. Details of their synthesis and characterization are given in the supplementary information.
Vesicles were prepared by sonication of phospholipid films with added photosensitizer 2a (12.5 mol%) and water oxidation catalysts 6b, 3 or 7 (0.05 -1.25 mol%) in phosphate buffer (50 mM, pH = 7.0) containing the sacrificial electron acceptor sodium persulfate. Dynamic light scattering confirmed a narrow size distribution of the vesicles in all cases and UV spectra of the solutions showed absorption maxima and extinction coefficients of the photosensitizer comparable to a homogeneous solution. The influence of vesicle size and solution turbidity on oxygen evolution was negligible (for data see supplementary information). Degassed solutions of the functionalized vesicles containing photosensitizer 2a and water oxidation catalyst 6b were irradiated with high power LEDs (λ = 455 nm; 200 mW/cm 2 light intensity) and the oxygen evolution was monitored by an optical probe and quantified by head space gas chromatography. The experimental details and data are given in the supplementary information. Fig. 3 shows the proposed reaction mechanism. To investigate the effect of the membrane embedding on the efficiency of the photocatalytic water oxidation, the oxygen evolution of a homogeneous aqueous solution containing photosensitizer 2b (125 µM) and water oxidation catalyst 6a (12.5 µM) 18 was compared under otherwise identical conditions Next, in a series of experiments the amount of the water oxidizing catalyst 6 was reduced and the performances of the homogeneous and the vesicular system were compared. A concentration of 6.25 µM of complex 6a in homogeneous solution or complex 6b in vesicular solution corresponds to a catalyst to sensitizer ratio of 1:20 and gave TONs of oxygen evolution of 37 (Tab. 1, entry 4) and 75 (entry 3), respectively. At a ratio of 1:50 using a concentration of the catalysts 6 of 2.5 µM in the presence of 125 µM of the photosensitizer 2 the difference in TONs in homogeneous solution of 22 (entry 6) and the vesicular solution of 192 (entry 5) were even more pronounced (Tab. 1). At 500 nM concentration of catalyst 6 water photooxidation is negligible in homogeneous solution, while in the membrane a TON of 394 is observed (entry 7). Control experiments without catalyst 6b (entry 9) and photosensitizer 2b (entry 10), respectively, resulted in no detectable oxygen formation. The results demonstrate one advantage of the co-embedding of photosensitizer and water oxidation catalyst in a vesicle membrane: The two dimensional arrangement at the lipid water interface places the subunits of the catalyst even at low overall concentrations in close proximity, which favors the electron transfer and their concerted action in the water oxidation. Photocatalytically active sensitizer catalyst combinations are possible in the vesicular system at ratios and concentrations, which cannot be realized in homogeneous solution.
In previous studies, the non-amphiphilic derivatives 5 and 8 of ruthenium complexes 3 and 7 have shown a better water oxidation performance compared to complex 6 in homogeneous solution. 12, 19 To prove the versatility of membrane coembedding for the preparation of water photooxidation assemblies, catalysts 3 or 7 (2.5 µM) and photosensitizer 2a (125 µM) were added to DMPC (9) vesicles. Vesicular and homogeneous samples were irradiated with a 500 W xenon lamp (cut off filter λ > 400 nm; 450 mW/cm 2 light intensity) and the amount of evolved oxygen was determined (Tab. 2). The catalyst to sensitizer ratio of 1:50 gave TONs of 157 for catalyst 3 (entry 2) and of 185 for catalyst 7 (entry 3), which are higher compared to the TON of 109 obtained in homogeneous solutions (entry 1) using the non-amphiphilic derivative of 3 bearing 2 axial 4-methylpyridine ligands (5) 12 ( Fig. 2) and the photosensitizer 2a, but otherwise identical conditions. The performance of the water photooxidizing system is known to be limited by the stability of the photosensitizer, 19 which applies also for the vesicular assemblies. By embedding of new photosensitizer into the membrane of used, irradiated vesicles they regain about 60 % of their initial TON (entry 4) when irradiated again after removal of oxygen from the sample (see supplementary information for data). The physical properties of phospholipid membranes change significantly with the nature of the lipid. To investigate the effect on the water photooxidation the activity of embedded photosensitizer 2a (125 µM) and complex 6b (12.5 µM) were investigated in three membranes prepared from DMPC (9), SMPC (1-stearoyl-2-myristoyl-sn-glycero-3-phosphocholine) (10) and DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) (11) . The three lipids have the same dipolar head group and differ only in the length and structure of the hydrocarbon chains (Fig. 5) . The polarity at the lipid water interface is therefore expected to be very similar, which was confirmed by the embedded amphiphilic solvatochromic dansyl dye 12 showing the same optical properties in all three membranes (see supplementary information). However, in DMPC (9) and SMPC (10) (Tab. 3) the co-embedded complexes produced oxygen upon irradiation (λ = 455 nm; 200 mW/cm 2 light intensity), while the activity in DOPC (11) (entry 1) was significantly lower. We explain the effect by the distinct differences in membrane fluidity. DMPC (9) and SMPC (10) have main phase transition temperatures from the gel to the liquid crystalline phase of 24°C and 30°C, 21 but DOPC (11) with a transition temperature of -21 °C is already in the liquid crystalline phase at the temperature of the experiment. Photooxidation experiments of DMPC (9) and SMPC (10) vesicles with embedded photosensitizers and catalyst at temperatures above their transient temperatures (entries 5 and 7) showed a reduced activity, while the activity remains unchanged at temperatures below the phase transition (entries 4 and 6). We conclude that phase separation and clustering of the embedded complexes, expected for the amphiphilic additives 2a and 6b below the transition temperature of a lipid membrane, enhances the photocatalytic activity of the assembly. 22 This is supported by the difference in quantum efficiency φ = (1-I/I 0 ) determined from the fluorescence quenching of 2a with sodium persulfate under the reaction conditions. 23 While DMPC (9) and SMPC (10) vesicles show a quantum efficiency of φ = 35 % and 30 %, respectively, a significantly lower value of φ = 10 % was determined for DOPC (11) vesicles (see supplementary information for data). 
Conclusion
In summary, we have, for the first time, self-assembled photosensitizer -catalyst water oxidation systems by coembedding of two amphiphilic ruthenium complexes into the phospholipid bilayer membrane of small unilamellar vesicles. The observed oxygen production upon light irradiation is comparable to similar systems in homogeneous solutions, but superior at low concentrations of the water oxidation catalysts. Membrane embedded water photooxidation systems remain catalytically active at concentrations, where homogeneous mixtures of photosensitizer and water oxidation catalyst are inoperable. Phase separation and patch formation cluster the complexes in the membrane, which might facilitate the intermolecular electron transfer processes. The fluidity of the membrane affects the self-organization of the embedded complexes and therefore their photocatalytic performance. Highest TONs are observed in gel phase membranes, where phase separation is favored. The method was applied to different combinations of sensitizers and oxidation catalysts and allows a rapid screening of sensitizer -catalyst combinations, ratios and concentration ranges. Functionalized vesicles may be transferred and spread onto a variety of surfaces, which may allow the processing, immobilization or printing of photocatalytically active membranes for further applications in functional devices for artificial photosynthesis.
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